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The focus of this work is the use of mixed-scale architectures to bridge scales from nanometer 
level structures to micrometer level components to millimeter level devices and materials. We 
propose to incorporate carbon nanotubes into microscale composites to create a new kind of 
mesoscale device, a thermal switch. Arrays of thermal switches will then be produced in batch to 
create sheets with spatially and temporally controllable "digital" thermal conductivity. 
Intellectual Merit of the Proposed Activity 

Mixed-scale architectures can be used to bridge scales from nm to |xm to mm in order to 
manufacture materials and devices whose pertinent dimensions range from nanoscale to microscale 
to mesoscale. Carbon nanotubes (CNT's) are inherently one-dimensional mixed-scale structures, 
with diameters in the range of nm and lengths in the range of Jim. We take advantage of this 10 3 
aspect ratio to bring superior thermal and mechanical properties (due to the CNT's nanometer scale 
diameters), to micro-scale components (making use of the CNT's micrometer scale lengths). Many 
microelectromechanical systems (MEMS) are also inherently two-dimensional mixed-scale 
structures with thicknesses in the range of \im and planar dimensions in the range of mm. We take 
advantage of this 10 3 aspect ratio, to bring the superior thermal and mechanical properties of the 
micro-scale components to effective use on the meso-scale. 

A detailed understanding of structures, properties and functions on the nanometer scale, the 
micrometer scale and the millimeter scale are required in order to successfully bridge scales from 
nano-scale structures to meso-scale devices. Indeed, since nanometer structures will affect 
micrometer scale properties and millimeter scale functions, the understanding sought on each scale 
will be significantly affected by the other scales. For these reasons, in order to support the 
manufacturing effort, we propose a program of characterization and modeling that will focus on the 
nanometer and micrometer length scales. 

Carbon nanotubes will be synthesized and then extensively characterized. The nanoscale thermal 
and mechanical properties of the CNT's will be modeled. The CNT's will then be assembled into 
aligned arrays within a matrix and formed into micron scale blocks. The thermal and mechanical 
properties of the aligned CNT composite blocks will then be characterized and modeled. Finally, the 
CNT composite blocks will be utilized to fabricate prototypes of thermal switch devices. 

CNT production, characterization, and modeling along with CNT composite characterization and 
modeling will be tightly coupled together. Information about structure, properties and function at the 
nanometer scale will be combined and compared with similar information gathered at the micrometer 
scale and used to guide both the production of CNT's and their incorporation into the mesoscale 
thermal switch. 

Broader Impact of the Proposed Activity 

This proposal will form strong interactions between a large, rural research institution and two 
urban campuses, making it easier for students from a wide range of demographics to participate in 
cutting edge research projects. Instrumentation for characterizing thermo-mechanical responses of 
nanotube assemblies will be created, allowing future work to proceed in these areas. High school 
teachers from the Northwest will be able to get hand on, practical tools to bring nanotechnology back 
to their schools, helping to motivate future generations of scientists and engineers. Research on this 
project will closely couple undergraduates and graduate students, helping to foster integrating 
research into all levels of education, particularly in groups traditionally under-represented from 
science and engineering. Overall, this project should help to provide a stimulus to the region for 
creating meso-scale devices from nano-scale structures, bringing nanotechnology from isolated 
research labs, to a larger audience, to commercial applications. 

This proposal addresses two of the seven research and education themes: first the theme of 
Manufacturing Processes at the Nanoscale and second issues relevant to Multiscale Multi-phenomena 
Theory, Modeling and Simulation at the Nanoscale. 
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INTRODUCTION 

The focus of this project is the use of carbon nanotubes (CNT's) to bridge scales from nanometers 
to micrometers, and MEMS techniques to bridge scales from micrometers to millimeters. 
Manufacturing across six orders of length scales from nano to meso is made possible by utilizing the 
mixed-scale architectures of high aspect ratio CNT's (nm diameters to jam lengths) and two- 
dimensional lithographic-based low-aspect ratio MEMS fabrication techniques (|am thicknesses to 
mm planar dimensions). By tailoring the length scale of our fabricated structures to the specific 
functions required, we believe we can achieve superior properties and outstanding device/material 
performance. 

Specifically, we first take advantage of the nanometer-scale diameter of CNT's and their 
consequently exceptional thermal (thermal conductivity) and mechanical (strength) properties. We 
then propose to fabricate our aligned CNT composite blocks to the same scale as the micrometer 
length of the CNT's. By fabricating composite blocks in which each of the individual CNT's stretch 
across the entire block we expect to see the very large thermal conductivity measured for individual 
CNT's reflected in a very high overall thermal conductivity for the aligned CNT composite blocks. 
Finally, by utilizing lithographically-based MEMS fabrication techniques, we propose to manufacture 
meso-scale devices/materials with spatially and temporally controllable "digital" thermal conductivity. 
Individual CNT composite blocks will be distributed across a silicon wafer, and aligned opposite an 
array of thin membranes. Making and breaking contact between the high thermal conductivity CNT 
composite blocks will enable the thermal conductivity through the device to be changed and 
controlled at will. 

BACKGROUND 

The ability to control heat transfer on small time and length scales would have a significant impact 
in many areas. For example, in just three applications: thermoelectric micro-coolers, DNA 
amplification via Polymerase Chain Reaction (PGR) and harvesting waste heat to do work on the 
microscale, these thermal switches would immediately improve the performance of these devices. 
First, it has been demonstrated that the performance of thermoelectric coolers could be nearly 
doubled if operated in a transient or pulsed mode [1, 2]. Second, DNA amplification via PCR 
requires precise temperature control over predetermined thermal protocols as the reactants are cycled 
through denaturation, extension and annealing temperature regimes. The use of small sample sizes (~ 
1 fil) and microfluidic devices has already dramatically reduced both the size and power needs of the 
equipment needed and the time required for DNA amplification [3-6], Third, using waste heat to do 
mechanical work on the micro scale can be accomplished by controlling the flow of waste heat. For 
example, our group at Washington State University, Pullman (WSU/P) has demonstrated a MEMS- 
based micro heat engine that can harvest low-temperature heat to do mechanical work and produce 
electrical power [7]. However, crucial to the operation of the micro heat engine is the means to 
control the flow of heat into, and out of the engine at very short time scales. 

To be able to control heat transfer to thermoelectric coolers, micromachined PCR devices and 
micro heat engines a type of thermal switch or thermal valve is required. Such a thermal switch 
wouid"be able to change its effective thermal conductivity in order to turn heat transfer on and off. A 
first generation prototype of such a thermal switch recently fabricated by our group at WSU/P is 
described in [8]. The prototype thermal switch consists of a silicon wafer on which is deposited via 
selective vapor deposition an array of liquid-metal 30 \xm diameter micro droplets. A 2 jam thick 
membrane etched into second silicon wafer positioned above the droplet array is actuated to make 
and break contact with the micro droplet array. When the liquid-metal droplets are squeezed between 
the lower wafer and upper membrane, heat is conducted through the thermal switch. When contact is 
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broken, heat transfer across the gap drops by nearly a factor of ten [9]. With superior materials and 
optimized design this ratio of effective conductive on to effective conductivity off could be increased 
by orders of magnitude. 

Since the prototype thermal switch is fabricated via standard MEMS techniques, the design is 
amenable to batch manufacturing. As a result, we are now in the process of fabricating many such 
thermal switches in arrays that cover an entire wafer. In this way, produced in parallel, the thermal 
switch arrays will form sheets of material whose effective thermal conductivity can be varied with 
time and/or spatially across the surface of the sheet. In essence, the sheet of thermal switches will 
demonstrate a digital thermal conductivity, in which each of the individual thermal element's thermal 
conductance can be turned up or down at will. 

While our first-generation device has demonstrated the basic concept behind the thermal switch, 
the device is inherently limited by the thermal and mechanical properties of the liquid-metal micro 
droplets. In particular the relatively low thermal conductivity and the moderate melting and boiling 
points of the liquid Hg (k - 8 W/mK) presently used, limits the effective conductance of the "on" 
thermal switch, the ratio of "on" to "off" conductance and the useful temperature range of the device. 
Replacing the liquid Hg with a compliant solid material possessing a higher thermal conductivity 
would greatly enhance the performance of the device. For these reasons a thermal switch employing 
carbon nanotubes would offer the potential for far superior performance. 

Individual carbon nanotubes have been shown to have extremely high heat transfer capabilities. 
The thermal conductivity of individual multiwalled carbon nanotubes has been measured at over 3000 
W/mK at room temperature [10]. 

However the thermal conductivity of CNT's in aggregate has been found to be disappointingly 
low. For example, the room temperature thermal conductivity of mats of single- walled CNT's and 
multi-walled CNT's were measured to be only 35 W/mK [11] and be 25 W/mK [12] respectively. 
The thermal conductivities of mats of aligned CNT's are somewhat higher with measurements of 60 
W/mK found for some samples [13], Motivated by a desire to create materials for thermal 
management of microelectronics, efforts have been made to create composite materials by 
incorporating CNT's into epoxy and polymer matrices [14]. Significant efforts have been made to 
align the CNT's within the composite materials in order to realize high thermal conductivities [15]. 
However, the thermal conductivities of these composites while higher than the matrices are still 
significantly lower than had been hoped. 

The commonly assumed reason for the low thermal conductivities of aggregate CNT's whether in 
mats, or in composite form, is the poor thermal coupling (or high thermal resistance) between CNT's 
[16]. Under this hypothesis, while the thermal resistance of individual CNT's is extremely low, the 
thermal properties of the aggregate is dominated by thermal transport from one CNT to the next in the 
mat or composite. Based on this hypothesis, one possible route to successfully exploit the extremely 
high thermal conductivity of individual CNT's to create structures with exceptional thermal 
properties is to match the length scale of those structures to the length scale of the CNT's. 

For these reasons, we propose to match length scales with the CNT's by fabricating PMMA/CNT 
composite blocks with thicknesses-comparable to-the lengths of our CNT's, on the order of 10 |im. In 
these micro-scale composite blocks,~the CNT's incorporated into the matrix will on average span the 
entire thickness of the blocks. UndCT t , hese - coitdi T i6iia 7' htra t will be transferred along uninterrupted 
CNT paths, with no high resistance bottlenecks between CNT's. We thus intend to use the high aspect 
ratio CNT's to bridge from the nanoscale to the microscale, creating CNT composite bridges with 
thermal and mechanical properties superior to monolithic materials. 

We will then use MEMS fabrication techniques to distribute these PMMA/CNT composite blocks 
to realize arrays of thermal switches. The arrays of thermal switches will in turn serve as the basis for 
our digital thermal sheets. 
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RESEARCH OBJECTIVES 

The objective of this project is to manufacture a device with a digital thermal conductivity that can 
be controlled with high resolution both temporally and spatially. 

To achieve this objective several major tasks are required: 

1 . Synthesis of individual CNT's in soot form and oriented CNT's on templates as 
shown in Fig. la. 

2. Characterization of CNT structures (length, diameter, chirality, single vs. multi walled, 
and presence of defects) and chemistry. 

3. Characterization of CNT properties (thermal conductivity, elastic modulus, strength). 

4. Fabrication of composite blocks consisting of aligned arrays of CNT's within a 
PMMA matrix as shown in Fig. lb and aligned CNT arrays with matrix removed as 
shown in Fig. lc. 

5. Characterization of composite block structures (CNT orientation, CNT density, CNT 
connectivity). 

6. Characterization of composite block properties (thermal conductivity, elastic 
compliance, strength). 

7. Modeling thermal and mechanical properties of individual CNT's using molecular 
dynamics. 

8. Modeling mechanical response of aligned CNT's and CNT composite block structures 
using continuum methods. 

9. Design and fabrication iteration of a device based on the results of the above tasks. 

Figure 1 . Nanotube structures 
proposed to measure and control 
heat transfer. CNT's synthesized 
using FIB (a), composite blocks 
of CNT's (b), and blocks of 
CNT's with matrix removed (c). 

RESEARCH PLAN 

To achieve the goal outlined above we have assembled an interdisciplinary team of faculty from 
mechanical engineering, manufacturing engineering, physics, electrical engineering, and materials 
science. There are three institutions involved: Washington State University Pullman, WSU/P; 
Washington State University Vancouver, WSU/V; and Portland State University, PSU. The 
experimental and modeling plans are described below. 

Experimental Plan 

Synthesis and characterization of individual Carbon Nanotubes 

Individual CNT's in soot form will be synthesized using a CVD system, modified to apply 
controlled magnetic and electrical fields. The CVD system will be used to investigate the effects of 
preparation conditions on the formation of different morphologies of CNT's. The role of each 
parameter responsible for the geometrical configuration of nanotubes will be identified and conditions 
optimized for growing CNT's of designed specifications. This effort will focus on synthesizing high 
. yield powder samples of high purity single-walled and multi-walled CNT's. Fig. 2 (a) and (b) are the 
HRTEM images of single-walled and multi-walled nanotubes, respectively synthesized at PSU these 
samples in the form of soot macroscopically. In this proposed research the CVD reactor will be 
modified to study the effect of magnetic fields and electrical fields on the formation of nanotubes, and 
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in particular on the growth orientation of the tubes. This will be accomplished by setting up a system 
that can provide either a magnetic field or an electrical field to the region of nanotube growth. 
Nanotube samples will be produced with several variations of magnetic and electrical fields; samples 
will also be produced without the effects of these fields. 

A matrix of possible combinations of preparation parameters has been developed including the 
type of catalyst (Fe, Co, and Ni), type of hydrocarbon gas (C2H2, C2H4, CH4,CO), the type of 
activation gas (H2, NH3), the gas flow rates, ambient pressures, reaction temperatures, reaction 
durations, and magnetic and electric field strengths. The structure and chemistry of CNT's 
synthesized under each set of parameters will be characterized using SEM, HRTEM and STEM. In 
particular we will focus on identifying the length, diameter, chirality, single wall versus multi-wall 
structures, and the presence of defects in the CNT's. Additionally, the structure and incorporation of 
catalyst materials in the CNT's in soot form will be identified. 



Fig. 2 (a) and (b) show the 
high-resolution TEM 
images of single-walled 
and multi-walled 
nanotube s, respectively. 
These samples were 
produced by Prof. Jiao's 
group at PSU. 



A characterization of individual tube properties, particularly the thermal conductivity, elastic 
modulus, and strength, of the CNT's synthesized at PSU will be performed by WSU/V. Since the 
CNT's may be synthesized with different morphologies under various forming conditions, a 
systematic evaluation of the nanotube physical properties is required to address the dependence of the 
mechanical and thermal properties of nanotubes upon the atomic structure under various forming 
conditions. 

A scanning probe microscope at WSU/V will be used to measure the atomic structure and 
dimension of both SWNT and MWNT[17,18]. The presence of structural defects, the chirality and 
the tube diameter of CNT's manufactured using different synthesizing conditions will be obtained. 
Initial images of CNT's taken by STM and AFM are shown in Fig. 3. 

We can modify the AFM into a scanning thermal microscope which will be able to provide 
measurement of the sample surface temperature based on reports in the literature [19]. A micro 

thermocouple will be fabricated to serve 
as the scanning thermal probe. 
Measurement of the elastic properties at 
low strains (Young's modulus) of 
individual CNT's will be measured using 
AFM [20]. The CNT's that are suspended 
across gaps or holes of substrate may be 
deflected using AFM force curve methods. 
The force exerted on the tubes by AFM 
Fig. 3 CNT's imaged using STM. Image on left is 1.4 /an tip is recorded simultaneously with the 
square; image on right is 250 nm square. imposed deflection, and the Young's 

modulus of nanotube can be extracted if 
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the cross sectional size is known and the assumption of a clamped beam is made. We will also 
attempt to use AFM to find the maximum strain at which non-elastic behavior of the nanotubes 
initiates [20,21], but do realize that applying strains to these levels with AFM methods may be 
beyond the current instrumentation capabilities. 

These data will form a data base which can be used to correlate mechanical and thermal properties 
to CNT synthesis conditions. These results will be used by PSU to help define optimal synthesis 
conditions and used by WSU/P for incorporation in both the modeling and testing of composite 
blocks and assemblies of CNT's. 

Growth and Characterization of Templated Arrays of CNT's 

Synthesis of oriented CNT's on templates will be accomplished through two routes. First, focused 
ion beams will be used to deposit templates of iron on which CNT's will grow. Secondly, methods of 
self patterning via heat treatment to form nanoclusters of iron and nickel will be done through thermal 
decomposition. 

There have been many published reports of methods of achieving highly textured nanotube 
structures in the literature. Many of the methods are based on growing aligned structures. These 
include growing on templated nickel nanodots after patterning using e-beam lithography [22], or 
more bulk methods such as spinning solutions of nanopowders onto substrates for complete coverage 
and growth of larger area films [23]. It is also possible to spin coat substrates with organometallic 
compounds, and then through subsequent heat treatment cause nanoscale metallic or oxide catalyst 
structures to form [24]. The nature of aligning the nanotubes is related to both the density of sites 
which initiate tubes (with catalytic materials) and the direction of the applied electric field from the 
plasma during PECVD growth. 

The first route to synthesize templated nanotube structures will be carried out utilizing a focused 
ion beam system equipped with a gas injection apparatus. The catalyst will be deposited on 
designated locations by ion beam induced metal deposition of a gaseous compound via the capillary 
needle-sized nozzle of the gas-injection apparatus. The substrate containing patterned catalysts will 
then be moved into the CVD reactor and optimized parameters will be used for tube growth, have 
recently used this approach to create patterned Fe catalyst clusters on the silicon substrate by focused 
ion beam induced decomposition of ferrocene [Fe(C5H 5 )2]. When these processed substrates were put 
in the CVD reactor, CNT's were formed in a patterned configuration. Fig. 4 shows that the growth of 
CNT's was confined within a cluster of Fe catalysts. Fig. 5 demonstrates that nanotubes formed in a 
pattern of columns where catalyst particles were first deposited in the form of columnar structures by 




Fig. 4: Nanotubes grown out of Fig.. 5: Nanotubes formed in Fig. 6: Nanotubes formed 

Fe clusters generated by FEB a pattern of columns directly from the top of Pt 

decomposition of Ferrocene. generated with the FEB pillars produced with our 

The CNT's are multi-walled. system. FIB and CVD systems. 
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the FIB and then nanotube growth was achieved in the CVD reactor. We have also synthesized 
CNT's directly on the top of the electrodes as shown in Fig. 6. Although these results are not perfect, 
they demonstrate the feasibility of this combination of the FEB and CVD processes, and encourage 
further development of this fabrication technique. The second route to synthesize templated structures 
involves spin coating iron nitrate solutions onto silicon wafers, and subsequent heat treatment to form 
arrays of iron and iron oxide nanoparticles over entire substrates in batch form. 

Fabrication ofCNT Composite Blocks 

Composite blocks consisting of aligned arrays of CNT's within a matrix, as shown in Fig. lb and 
aligned CNT arrays with matrix removed as shown in Fig. lc will be fabricated. Several research 
groups have demonstrated the ability to align carbon nanotubes in polymers through a combination of 
composite processing methods. Sennett et. al. [25] has shown that by mixing nanotubes with 
thermoplastic polymers (polycarbonate) it is possible to align tubes into composite fibers 0.5 mm in 
diameter. Other polymer matrix materials, such as polystyrene, can be treated in a similar manner, 
producing either thin fibers with a aligned composite or a randomly oriented film after casting [26]. 
It is also possible to demonstrate thermoplastic polymer - nanotube composites with spin coating, 
such as the case of nanotube - poly methyl methacrylate (PMMA) composites which demonstrate a 
percolation threshold at 0.5 volume percent, and a change from semiconducting to metallic electrical 
behavior at this loading [27]. Similarly, thermosets can be used to form composites which show 
connectivity and a percolation threshold at very low loadings [28]. 

In this project we will fabricate nanotube - polymer composites to develop aligned structures for 
thermal management. First, spin coating thin films (1-4 |im) with loadings of about 1-10% will 
provide structures with relatively isolated but aligned tubes [27]. Repeated spinning and annealing 
will be carried out until the total film thickness reaches 100 fim. At this point, a thick capping layer 
of PMMA will be spun to cap the structure. The samples will be cross sectioned using standard 
polishing techniques for sample preparation for transmission electron microscopy, and then core 
drilled and polished to create 3 mm discs with a 5 - 50 ^m layer of aligned composite, as shown in 
schematically in Fig. 7. In this thin section of material, the CNT's will bridge the entire 
nanocomposite leading, we believe, to exceptional thermal and mechanical properties. 



PMMA 




Glass 





^ — Nanocomposite 



Figure 7. Process steps for spinning, sectioning, and polishing samples of PMMA - 
nanotube composites to measure thermal properties of aligned composites. From 
spinning (left) to sectioning (middle) to thinning (right), the nanotube structures will be 
isolated for thermal transport and mechanical property measurements. 

Once these blocks have been fabricated, the PMMA can be removed through chemical dissolution. 
However, this would cause the CNT's to form a mat structure, rather than the aligned pattern shown 
in Fig. lc. Therefore, a metallization layer (sputtered and or electroplated Au and Ni) will be used to 
cap the CNT block structure. Then, upon exposure to acetone or other organics which dissolve 
PMMA, we will be left with the array structure shown in Fig. lc. 
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Characterization of CNT Composite Blocks 

Characterization of composite block structures (CNT orientation, CNT density, CNTS 
connectivity) will be carried out using the SEM and TEM facilities available at WSU/P. 
Characterization of composite block properties, such as thermal conductivity, elastic compliance, and 
strength, will be carried out using a novel device to be developed in house at WSU/P. We will 
construct and assemble a device based on the vacuum - compatible load transducer produced by 
Hysitron, Inc. The system will be capable of applying loads between 0. 1 and 100 mN. A schematic 
of the system is shown in Fig. 8. The system is designed such that ambient air, inert gasses, or a 
vacuum of approximately 0.1 mTorr can be achieved in the chamber. 

The transducer and the digital microscope will be calibrated a fixed distance apart. This enables 
the region of the sample to be positioned to within 0. 1 mm. The XYZ stage will be used to translate 
the sample from the microscope to the transducer, with the axis controlled by commercially available 
positioners. The optical microscope will be used to note the position of the nanotube clusters, and 
provide a reference to other fiduciary marks on the nanotube samples to determine density of arrays 
using post-test electron microscopy. 

The instrumented base will be similar in design to the test fixture used to measure heat transfer 
rates across the liquid-metal micro-droplet thermal switch as described in references [8]and [9]. That 
device consists of a guard-heated calorimeter (GHC) located above the liquid-metal micro-droplet 
thermal switch and a second resistance thermal detector (RTD) located below the liquid-metal micro- 
droplet thermal switch. The device has proven very successful, with an accuracy sufficient to 
measure the heat transfer rates across prototype thermal switches in both u on" and "off' states with 
an uncertainty of no more than a few percent. 

A similar arrangement will be used in the proposed work. In this case the guard-heated 
calorimeter micromachined on a 2mm square silicon die will be mounted on the Hysitron transducer 
tip. An RTD micromachined on a second 2mm square silicon die will be mounted on a thermal sink. 
The thermal sink will in turn be mounted on the piezoelectric XYZ stage. Nanotube and nanotube 
composite samples will be place on top of the lower RTD die. 

The piezoelectric stage will raise the samples into contact with the load cell and micromachined 
GHC. During this approach stage, the heat transfer through the gas medium will be measured. As 
the sample makes contact with the micromachined GHC, the piezoelectric stage will stop. At this 
point, the Hysitron transducer will be used to impose a predetermined loading rate upon the 
micromachined GHC while monitoring the deflection of the structure. This will provide both the 
mechanical response of agglomerations of nanotubes as well as allowing heat transfer measurements. 

Several significant technical challenges must be overcome to carry out these experiments. 
However, by selecting the Hysitron Vacuum Transducer as the method of applying load and 
displacement, we are able to utilize a system which has already been demonstrated to carry out most 
of these requirements. Previous Hysitron systems for nanoindentation and nanomechanical testing 
have been instrumented in the indentation tip with acoustic emission sensors. Therefore, attaching 
the electrical connections to the micromachined GHC is very feasible, in a manner similar to the 
previous acoustic emission testing fixtures. Secondly, applying mechanical loading in vacuum can be 
problematic, as the instruments often apply large voltages which can lead to the formation of a 
plass&a-asd-daiSiage the device. Hysitron has already designed a system which is capable of running 
in vacuum, and therefore we've chosen this commercially available (though custom designed) system 
to apply loads and monitor displacements with the resolution required for these experiments. 
Similarly, thermal effects could lead to extensive drift in these tests. This will be controlled in two 
ways. First, the brass plate near the micromachined GHC will act as a heat sink, but the glass- 
ceramic rod which is threaded to connect the brass to the transducer will greatly reduce thermal 
conduction to the transducer. Secondly, the ability of the Hysitron system to carry out testing in a 
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rapid period of time (less than 1 minute) should minimize thermal drift, and allow relatively little heat 
to transfer to the transducer structure. 

One other technical challenge is the parallel plates between which the test must occur. There will 
invariably be some angle between the micromachined GHC and the sample. However, by 
constructing a post structure from electroplated gold, copper, or nickel on the RTD, it will be possible 
to minimize these effects. The micromachined GHC will be calibrated against a clean area of the 
sample to adjust the compliance of the system. Then, after compliance calibrations the nanoscale 
compression testing will be carried out on the actual area of the sample to be examined (and 
previously located via the optical microscope). 



Vacuum chamber 



Hysitron 
High Load 
Vacuum 



Threaded brass base 



Micromachined 
RTD 



Fiber optic 

digital 
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Figure 8. Schematic 
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with in-house 
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Developing the testing fixture described in the previous section will require a significant time 
investment for instrument development and calibration. To verify the basic concept, initial ambient 
tests will be carried out using the two nanoindentation systems available on the WSU campus. The 
existing Hysitron Triboscope, which is mounted to a Park CP Scanning Probe Microscope, can be 
used with a micromachined GHC system to carry out an initial verification of calibrations. WSU and 
other researchers have already developed and demonstrated the ability to create novel tip geometries, 
such as the addition of a 60 /xm radius of curvature diamond tip, or to carry out experiments in fluids 
with the sample under electrochemical control [29]. In addition, members of the team have already 
gained significant experience in the use of a similar micromachined guard-heated calorimeter to make 
heat transfer measurements on the liquid-metal micro-droplet thermal switch. The initial testing (first 
6 months of the project) will use the existing system. Similarly, if the Hysitron system currently on 
campus (which is only instrumented for loads up to 10 mN) is too small, a similar tip geometry will 
be added to the existing Nanoinstruments Nanoindenter II. This exact instrument has already been 
altered to accept heating stages [30] and acoustic emission systems [31], and so it should be feasible 
to add the thermal measurement capability to this experiment. 



Modeling Plan 

Thermal and mechanical properties of individual CNT's will be modeled using molecular dynamic 
simulations (MD). The mechanical response of.aligned CNT's and CNT composite block structures 
will be modeled using continuum methods. 

The successful integration of carbon nanotubes into devices demands understanding how their 
thermal conductivity is affected by factors such as: (1) bending and stress, (2) inter-nanotube 
interactions, (3) size and orientation of nanotubes, (4) defect and buckling, and (5) details of the 
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interface between nanotubes and silicon. The molecular dynamic approach with realistic potentials 
provides an ideal tool to investigate the thermal properties of individual CNT's. However, modeling 
the deformation of nanotubes in large assemblies using MD can be computationally expensive [32]. 
We will take a two tiered approach to modeling. Using MD we will focus on modeling the thermal 
properties of CNT's and obtaining the mechanical constitutive laws for use in the continuum model. 
We will use an approach based on continuum mechanics to develop predictive models for bending 
and buckling behavior of CNT's. This will allow us to extend the computational domain to the length 
and time scales required to bridge from the nanoscale to the microscale. This is required for the 
design of practical devices. 

The presence of nanotubes of different chiralities (metallic and semiconducting), sizes and 
orientations in nanotube blocks makes it impossible to predict their overall thermal conductivity using 
simple analytical approaches. For example, changes in nanotube diameters can excite different radial 
phonon modes that participate in transmitting heat and phonon-phonon interactions at high 
temperatures. The weak inter-nanotube coupling, at best similar to the inter-basal plane coupling in 
graphite, results in lower thermal conductivity. Furthermore, bending and buckling of the nanotubes 
leads to a decrease in the thermal conductivity. The quasi-one dimensional nature of the carbon 
nanotubes also makes boundary scattering very important. The electronic contribution to thermal 
conductivity of carbon nanotubes was shown to be negligible over all temperature ranges [33]. 

The discontinuity at the interfaces introduces an additional thermal resistance due to the difference 
in bond length and masses on both sides of the interface. Modeling the interface still remains a 
challenging problem using atomic level simulations due to the difficulty in defining a suitable 
empirical potential that accounts for interaction between atoms of different species. One can, 
however, gain some feel of the interface role by considering only the mass change at the interface. 
For example, Picket and coworkers investigated the transmission of phonon energy across a model 
interface where only the atomic masses changed while maintaining a diamond type structure [34]. 

The goals of the MD simulation are to investigate: 

(1) the thermal conductivity of a) straight single wall nanotubes with different diameters and 
chiralities, and b) straight multiwall nanotubes and nanotube ropes 

(2) how mechanical stress and bending affects the thermal conductivity of individual tubes. 

(3) the effect of interfaces and defects on heat transfer. 

For goal (1) both direct non-equilibrium MD with periodic boundary conditions and the 
equilibrium MD using Green-Kubo formula will be used and take into account size effects. On the 
other hand for goals (2) and (3), direct NEMD with non-periodic BC along the tube axis will be used. 
Additionally, the phonon spectrum will be determined from the velocity autocorrelation function and 
investigated for any shifts due to bending, stress or interface effects. An additional goal is also to 
determine a set of rules for predicting the thermal conductivity of carbon nanotube blocks based on 
the MD results obtained in (1) and (2) and approximate spatial distribution of nanotubes in the mat. 
The choice of the nanotube parameters such as chirality and diameters will match those grown for this 
project. Additionally, the temperature range used in the simulations will correspond to those present 
in the testing of the CNT composite blocks. 

The proposed research builds upon the earlier investigations at WSU of the thermal conductivity 
of (1) straight single wall carbon nanotubes and its dependence on the geometry of the tubes (radius 
and chirality) [35] and (2) Y-junction nanotubes, and (3) heat pulse propagation in carbon nanotubes 
using molecular dynamic simulations. 

Molecular Dynamic Approach: The MD simulations will use the Tersoff-Brenner bond order 
potential for the C-C bond as the potential interaction to model the dynamics of the atomic 
interactions and solve the classical Hamilton's equations of motion with a predictor-corrector 
algorithm [36,37]. The calculation of thermal conductivity will be done using either the equilibrium 
MD (EMD) or non-equilibrium MD (NEMD) approaches. 
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Equilibrium MD Approach: This approach uses current fluctuations to calculate the thermal 
conductivity X, via the fluctuation dissipation theorem. The MD approach is used to compute the 
autocorrelation function of the heat flux, which is related to the thermal conductivity by the Green 
Kubo formula given by: 



7* is the system temperature, J z (t) is the z-component of the heat flux, k B is the Boltzmann constant, 
and V \s the volume of the sample under investigation. For CNT's, the z-axis is assumed to parallel to 
the nanotube. The advantage of this approach is that simulations are done under equilibrium 
conditions at the given temperature without imposing any driving forces such as a temperature 
gradient or a fictitious force as in the non-equilibrium MD approach. Unfortunately, very long 
simulation times are required to ensure the convergence of the current-current autocorrelation 
function. Additionally, this approach is implemented in our MD simulation program and will be used 
to calculate the thermal conductivity of some of the nanotubes and as calibration tool for the non- 
equilibrium approach. The use of periodic boundary conditions can lead to size dependence of the 
thermal conductivity if the simulation region length is shorter than the mean free path of the phonons 
and lead to underestimation of the thermal conductivity. For example, Che and coworkers [38] have 
shown that for (10,10) single wall CNT's longer than 20 nm at 300K, the thermal conductivity 
converged to a constant value. 

Non-equilibrium MD Approach: In this case, one can either apply a temperature gradient or 
introduce a fictitious force term and modify the equations of motion which forces the system out of 
equilibrium and results in a heat flux to counter the effects of the temperature gradient or the external 
force [39,40]. Here, the procedure proposed by Oligschleger and Sch6n[39], and implemented in 
straight nanotubes by Osman and Srivastava[35], will be used. In this procedure, the CNT is split up 
into a series of adjacent "slabs" of atoms. Two of the slabs are thermally regulated to enforce a 
temperature gradient upon the system by a scaling of the velocities of the atoms within the slab to the 
desired temperature at the end of each time step From the change in energy of the controlled slabs at 
each time step the heat flux density is determined and time averaged over the simulation times. After 
a large number of simulation steps, an equilibrium value of the heat flux density is obtained. The 
temperature gradient is found by applying a linear fit to the temperatures of the slabs, and the thermal 
conductivity is merely the quotient of these two values. This assumes a Fourier relationship between 
the thermal conductivity and heat flux to be valid. The choice of temperature profile permits 
application of periodic boundary conditions along the straight nanotube axis in order to eliminate 
edge effects [39]. 

While the procedure appears to be simple, one has to take into account size effects and ensure the 
length of simulation box is greater than the mean free path of the phonons and that the system 
remains in the linear response region. In the past we have used the values calculated by EMD to 
check the consistency of the results and adjusted the length of simulated sample. For bent CNT's and 
interface simulations, one can not use periodic boundary conditions and the hot and cold slabs are 
kept near the ends of the CNT. 

Continuum Modeling. There is good reason to believe that an approach based on continuum 
mechanics will allow us to have predictive models for the operating regime of our devices [41]. As an 
assembly of CNT's is subjected to a load there are three regimes of deformation: linear elastic; non- 
linear elastic (post-buckling); and inelastic (bond breaking and reforming). The goal of the 
continuum modeling is to optimize the compliance/conductivity properties of the configuration in Fig. 
1(b) and (c). In addition, the transitions between the various deformation regimes (linear, buckled, 
inelastic) will be predicted to provide design guidelines. 
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In the linear elastic regime, Yakobson et al. [41] considered bending and compression of single- 
wall CNT's, and showed that linear stability analysis based on classical elastic shell theory accurately 
predicts the onset of buckling from uniform deformation. Beyond the linear elastic regime, 
simulations and experiments for both tension and compression/bending of nanotubes indicate that the 
nanotubes are still elastic up to very high strains [42, 43, 44], but are no longer simply linear elastic. 
For example, in tension, elastic behavior is expected up to 5-6% strains [45, 46]. In compression, 
even after buckling and buckling localization, elastic behavior is expected up to 8-12% strain [47]. 
Beyond the elastic regime, CNT's exhibit a change of structure. In tension, the hexagonal structure 
of the graphite sheet changes locally to four pentagons and heptagons (5-7-7-5 defects) by bond 
rotation [45]. In bending and compression/buckling, the change in coordination occurs from 3-fold 
(sp 2 ) to 4-fold (sp 3 ) [47, 48 ] 

What is still needed for this work is to go beyond the linear regime into the post-buckling regime 
in a computational method that can treat assemblies of nanotubes (i.e. a continuum approach). We 
propose to bring the full power of nonlinear shell theory [49,50 51] to the problem. 

The configurations to be considered are shown in Fig. 1 . The pin-cushion configuration (Fig. 1(a)) 
results from the initial growth of CNT's. The nanotubes have different orientation and the load on 
each one will vary from pure compression to predominantly bending. The problem of a CNT 
composite block in compression (Fig. 1 b)) is relatively simple compared to the other ones for the 
lateral support of the matrix is expected to prevent buckling of CNT's. When the composite is 
dissolved, and nanotubes are anchored in metal films (Fig. 1(c)), the resulting configuration is one 
with "slightly misaligned" CNT's, predominantly in compression. Depending on the misalignment, 
some nanotubes will bend and locally buckle at small loads, others only at higher loads. The 
formation of local buckles diminishes thermal conductivity of a nanotube. 

The fundamental mechanical problem is a CNT under a combined compressive and transverse 
force. The interest is in post-buckling deformation. In an assembly such one in Fig. 1(c), a buckled 
CNT sheds load to other CNT's. With the solution to the fundamental problem, and the statistics of 
misalignment of CNT, the solution to the problems illustrated in Fig l(a),(c) can be obtained, and 
compared to the mechanical testing of the CNT composite structures. 

The nonlinear theory of shells has several formulations [49, 50, 5 1], The main features are 
separate nonlinear measures of the membrane strain £ a> ?and the bending strains /u a fi. The Greek 
indices take values 1 and 2, referring to the initial axial and circumferential directions. 

In the classical shell theory, the bending measure /j a & refers to the middle surface of the shell and 
produces liner distribution of strain across the thickness. With thus computed strains, linear elasticity 
is used to obtain stresses, and then forces N and moments M, by integration of stresses across the 
thickness. Nanotubes are a special case of shells with no thickness defined and their constitutive 
properties cannot be deduced from linear elasticity. For now, assume that constitutive relations are 
given. The principle of virtual work then takes the form 



A 

where A is the area of the shell, Wand 7* are normal and transverse force with corresponding 
displacements U and V. The variational principle given above is the basis for the standard 
development [52] of the finite element formulation suitable for the problem in hand. 

Finite element procedure for analysis of post-buckling behavior of cylindrical shells has been 
developed by Tvergaard & Needleman [53]. They considered shallow cylindrical panels under 
compression and established criteria for buckling and buckling localization. The onset of buckling 
instability is growth of periodic perturbation. Subsequently, the buckling localizes to a single 
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"pinched" region. The linear stability analysis [41] of nanotubes only predicts the onset of periodic 
buckling. To describe the post-buckling behavior, the full nonlinear formulation is needed. 

In the post-buckling regime, the nanotubes will be elastic until a change of bond coordination 
occurs. However, this elastic regime will not be linear. 

We begin with the in-plane behavior of a 
8 b) graphite sheet. Its hexagonal structure is given in 

Figure 9(a). The in-plane strains are the result of 
two elementary processes: bond stretching and 
the bond angle variation. Stresses now have units 
of force per unit length. The mean stress a = (N n 
+ N2z)/2 produces only bond stretching, which is 
small, so that this portion of deformation can be 
modeled with a linear law:/^ = o/B y where B is 
the analogue of the bulk modulus in 3D elasticity. 
The deviatoric (shear) stress, t is 

t = Jn? 2+ (N u -N 22 ) 2 /4 

and produces a bond angle variation 0, which in 
turn, results in both, change in shape, y (Fig. 
9(b)), and change in area ^(Fig. 9(c)): 




Fig. 9. Schematic of changes in bonding of 
carbon nanotube structures. 



= cos (20) + cos <f> - (sin (2<p) - sin ^)/a/3 



The constant B and the relation <f> = #(r)aie all that is needed to formulate the in-plane nonlinear 
elastic constitutive law for nanotubes: 

e = a/B + e& |>(r)] and y = 20(r)/3 
For small strains this relation will reduce to linear elastic law used by Yakobson et al [41]. 

The computational configurations to obtain <f>(x) and B are periodic (Fig. 9(b), (c)) and are thus 
amenable to unit cell analysis by MD methods. 

Out-of-plane, or bending stiffness, is entirely due to the out-of-plane change of bond angle. (In 
contrast with solid shells where the bending stiffness is a result of relation between normal stresses 
and strains.) A periodic unit cell, shown in Fig. 9 (d) can be defined to make MD computations 
economical. 

With the elastic properties thus defined and the nonlinear shell theory at hand, we propose to 
analyze the onset, development and localization of instabilities in compression/bending problem. 
This resulting fundamental solution will then be combined with the orientation statistics to model the 
experimental situations (Fig. 1 (a) and (c)). For the experimental configuration in Fig. 1(b), we 
expect the standard model for fiber composite to hold. 

The last component of modeling is the criterion for the onset of inelastic deformation (change in 
bond coordination). The criterion will be based oirlhcrbond rotations (Fig. 9 (d)). From MD 
computations, the critical change of angle between the bonds will be determined. For the case of 
localized buckling, the appropriate continuum measure is the bending strain measure n a p - 

DEVICE REALIZATION 

Design and fabrication of a device with a digital thermal conductivity that can be controlled with 
high resolution both temporally and spatially will be based on the results of the preceding work. The 
mesoscale device will be based on the assembly of micro-scale blocks of the CNT composite. After 



JBH:mjt 11/18/03 4630-67239 



14 



Express Mail No.: EV212046699US 
Date of Deposit: November 18, 2002 



spinning, annealing, capping, and sectioning the PMMA/CNT nanocomposite, 300 x 100 x 10 jim 
strips of the material will be cut and loaded in an aqueous suspension. Two silicon wafers will then be 
prepared to form the top and bottom of the device as seen in Fig. 10. The top wafer will hold the 
nanocomposite strips. The bottom wafer will be patterned with an array of membranes and pillars. 

First a 3 - 5 fim thick layer of oxide will be thermally grown on the top wafer. A series of Au 
electrodes and leads will be sputtered on the oxide and patterned lithographically. Next, an array of 
300 x 100 mm rectangles will be defined and pits etched into the oxide, down to the Si. These 3-5 
[im deep, rectangular pits will act to position the nanocomposite strips on the Si wafer. The Si wafer 
will be flooded with the aqueous suspension of nanocomposite strips and then agitated. As the 
CNT/PMMA composite strips settle, they should preferentially lodge in the rectangular pits. The 
remaining liquid of the aqueous suspension will be evaporated, leaving the wafer surface covered 
with the electrode array and the nanocomposite strips, similar to the manner of aligning optical fibers 
and other fluidic self assembled structures [54,55]. 

An array of membranes will be etched into the bottom wafer. First a low temperature thermal 
oxide will be grown on the bottom wafer. An array of 1400 |im squares will be defined 
photolithographically and etched to form an oxide mask on the back surface of the Si wafer. An 
anisotropic wet etch will then be used to create 2 |im thick boron doped Si membranes as defined by 
the oxide mask. Next, a series of Au electrodes and leads will be sputtered onto the oxide on the 
front surface of the wafer and patterned lithographically. Finally, 8-10 |xm of PMMA will be spun 
on the front surface of the wafer. An array of 100 \im pillars will be defined on the front surface of 
the wafer, located at the corners of the membranes etched into the back surface of the wafer. 

The top wafer with it's array of nanocomposite strips will then be clamped down onto the array or 
pillars projecting up from the bottom wafer. The entire assembly should look like Fig. 12, with the 
PMMA pillars located at the corners of the membranes, defining a 10 jim gap between the two wafers, 
and the CNT/PMMA nanocomposite strips sitting immediately above the 2yim thick membranes. 
Since the nanocomposite strips will have been assembled into 3-5 pits in the oxide, a 3 - 5 nm 
gap will separate the nanocomposite strips from the membranes on the bottom wafer. 

To demonstrate it's operation, the assembled device will be placed under vacuum. Evacuating the 
gap between the top and bottom wafers will reduce conduction heat transfer across the gas gap to a 
negligible level. As a result, the effective thermal conductivity of the device, with the nanocomposite 
strips not in contact with the Si membranes is predicted to be on the order of 0.01 W/mK. The device 
will then be actuated electrostatically, by applying voltage to the Au electrodes on the top and bottom 
wafers, and drawing the membranes into contact with the nanocomposite strips. Upon contact, the 
effective thermal conductivity of the device is predicted to rise to approximately 10 W/mK. The 

effective thermal conductivity of 
any membrane-defined thermal 
element can then be varied 
between 10" 2 and 10 W/mK by 
making or breaking contact 
between the membrane and the 
nanocomposite. Effective 
thermal conductivities anywhere 
in the range of 10" 2 to 10 W/mK 
can be achieved by changing the 
fraction of time the thermal 
element is actuated or "on" and 
taking advantage of the thermal 
mass of the top Si wafer to time 
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Fig. 10 Prototype thermal switch incorporating 
aligned CNT composite. 
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average the instantaneous thermal conductivity. Likewise, by actuating membranes across the array, 
individual thermal elements can be turned "on" and "off' at will, creating spatially and temporally 
varying patterns of thermal conductivity. As a result, each membrane then acts as a digital thermal 
element, much like the more familiar digital picture elements (pixels) found on many display devices. 

MANAGEMENT PLAN 

To achieve the goals outlined above we have assembled an interdisciplinary team of faculty from 
mechanical engineering, manufacturing engineering, physics, electrical engineering, and materials 
science. There are three institutions involved: Washington State University Pullman, WSU/P; 
Washington State University Vancouver (urban campus), WSU/V ; and Portland State University, 
PSU. WSU/V and PSU are located within a 30 minute drive of each other, while WSU/P is 
approximately a 8 hour drive from these locations. The team members, their discipline, institution, 
and primary roles on the project are described below. 

• Cecilia Richards: Mechanical Engineering, WSU/P. Professor Richards will act as project 
manager and provide overall vision and leadership for the team. 

• Jun Jiao: Physics, PSU. Professor Jiao will synthesize the CNT's for this work. 

• C.-S. "Daniel" Chiang: Manufacturing Engineering, WSU/V. Professor Chiang will 
characterize the CNT's provided by PSU with scanning probe microscopy. 

• Robert Richards: Mechanical Engineering WSU/P. Professor Richards will design and 
analyze the composite structures and devices. 

• David Bahr: Materials Science WSU/P. Professor Bahr will fabricate and characterize the 
composite structures. 

• Mohamed Osman: Electrical Engineering WSU/P. Professor Osman will model thermal 
properties of the CNT's. 

• Sinisa Mesorovic: Mechanical Engineering, WSU/P. Professor Mesorovic will model 
mechanical properties of the CNT's. 

WSU/P will be the lead institution in this work and will provide overall project management on 
the technical and business levels. Professor Cecilia Richards has experience in managing research 
projects that span disciplines and institutions. She has been the project manager for two large multi- 
institution and interdisciplinary programs with WSU as the lead. 

Because this is an interdisciplinary and multi institution project teaming strategy is important to 
the success of the work. First the long term goal of the each team member is to contribute to the 
common goal of manufacturing a device with a digital thermal conductivity that can be controlled 
with high resolution both temporally and spatially. Each group will develop short term goals in 
conjunction with the other groups to ensure compatibility with each other and the long term goal. 
Adjustments to the short term goals will be directed by results and discovery. 

The properties and structure of the CNT's and composite blocks provide focal points for the 
exchange of information. CNT production at PSU, CNT characterization at WSU/V, CNT modeling 
and CNT composite characterization and modeling at WSU/P will be tightly coupled together. 
Information about structure, properties and functionatthe nanometer scale will be combined and 
compared with similar information gathered at the micrometer scale and used to guide CNT 
production as well as CNT composite fabrication 

Researchers will meet in person on a quarterly basis to discuss issues and plan short term research 
goals. A website for the dissemination-of-researGh-results will be developed so that students and 
faculty will have quick access to results important to their tasks. To ensure interaction between 
researchers and communication of important results and requirements each group will regularly 
provide feedback to the others in monthly reports and phone conferences. In addition, all students 
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working on the project will submit weekly progress reports. These progress reports will be posted on 
the website so that all members of the team can access them. 

In addition to regularly scheduled interactions between faculty participants an informal exchange 
program for graduate and undergraduate students will be implemented. Students will travel to each of 
the sites for a period of 1 to 2 weeks during the summer session to learn about the activities of the 
other institutions. This will provide the students with an overall view of the project and be an 
enrichment experience for their studies. During each summer a larger group seminar, in which all 
students present their work to the faculty and other students will be held during the exchange period 
that summer. 

EDUCATION AND OUTREACH PLAN 

The educational plan is a key part of this proposal. Our educational plan will target undergraduate 
recruitment and retention, and enhance undergraduate/graduate curricula in areas related to this 
research. In addition, we will use this research as a basis for developing an outreach program to K-12 
and community college teachers. 

We have requested funding for five graduate students and several undergraduate students for each 
year of this project. In addition, the School of Mechanical and Materials Engineering has agreed to 
provide support for an additional two graduate students for each year of the project (a letter of support 
is attached). With the established REU site programs focused on characterization at both PSU and 
WSU, four students (2 from each campus) will be selected each year to participate on this 
collaborative effort. The Pi's have found that characterization projects are particularly suitable REU 
projects, where students ranging from freshmen to seniors can get hands on experience working on 
experimental methods, and accomplish enough in the span of one summer to merit publication in 
journals or presentation at regional, national, and international conferences. Obvious characterization 
related projects for this proposal include TEM and AFM characterization of nanotubes, SEM 
investigation of patterned structures, mechanical properties measurements using the new 
instrumentation described in this proposal, and structural characterization of composites at all stages 
of processing textured nanotube composite structures using TEM and SEM. Professors Jiao and 
Bahr plan to continue their commitment to targeting female and minority undergraduate students. In 
the next four years, it is estimated that 12 REU students will be trained through this proposed research, 
in addition to the seven graduate students in physics, mechanical engineering, manufacturing 
engineering, and materials science. 

WSU/V is hosting a summer workshop of engineering and science for the faculty of local 
community colleges, and the teachers and students of local high schools. The proposed research will 
serve as one of the modules of learning and outreach for this summer workshop. 

As part of the outreach effort of this project we will develop a workshop series to be targeted at 
three different audiences; the student and faculty participants directly involved in the research, 
interested students or faculty at the participating institutions, and community college and high school 
teachers in the greater Portland- Vancouver area. Each participating institution will develop a 
workshop module focused on their contribution to the project, that is, PSU will develop a module on 
carbon nanotube synthesis, WSU/V on their characterization, and WSU/P on their incorporation in a 
MEMS scale device. Each summer the workshop series will be given at the urban campuses to reach 
as many teachers as possible. The urban location chosen, the Portland OR - Vancouver WA region, 
is central to the northwest population density, and should be able to attract teachers from a wide 
demographic cross section, including teachers from Native American reservations. 

We have budgeted money to pay area high school and community college teachers a reasonable 
stipend and travel expenses and housing (if needed for teachers from more than a 1 hour drive) for 
their attendance at the 2 day workshop. We choose the model of a short, intensive workshop as the 
best means to attract participants who have a wide variety of previously scheduled commitments 
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during the summer. Previous experience has shown that reaching out to a large number of faculty 
during the summer seems to have the most success attracting a diverse group, rather than 
concentrating on only certain local schools. We have budgeted enough to cover expenses for 10 
teachers to participate each year. A typical 2 day workshop would cover a tour of the synthesis lab 
and electron microscopy facilities in the morning, along with presentations of the types of material 
that can be grown and examined with these techniques. After lunch, a demonstration of the electron 
microscopy facilities (hands on) of both SEM and TEM will be shown to the teachers. The second 
day would move to the WSU/V campus, and tour the scanning probe facilities in the morning. 
Afternoon, the WSU/P group would provide mobile demonstration setups of hands on systems for 
workshop participants to see real multiscale devices and go through the clean room on the WSU/V 
campus for participants to experience the environment of MEMS, NEMS, and microelectronics 
fabrication. 

Both WSU and PSU have a good track record in attracting under represented groups to our 
research teams. At WSU we have consciously created a culture that students vie to be a part of and as 
a consequence we attract the best from all groups. In the past years we have been successful in 
recruiting and graduating female students, students of Hispanic heritage, an African American student, 
a Native American student, and an MS student who was the first in his family to graduate from 
college. 

At PSU, Prof. Jiao also plans to extend outreach activities to female high school students and to 
foster their interest in math- and science-based careers. Prof. Jiao plans the following specific 
activities which couple well with her location in an urban environment: 

• Arrange an annual open house for the girl scouts and girls' clubs from the Portland area to 
tour our research laboratories and offer them seminars, which highlight the research work of 
women at universities nationwide. 

• Recruit two highly motivated female students from local high schools, allowing them to 
participate in the summer research in Prof. Jiao's group. 

• Continue the collaborations with Portland High School District's Talented and Gifted Student 
Program, Oregon Museum of Science and Industry's Science Education Resource Center, and 
the Saturday Academy of Oregon's high school student Apprenticeships in Science and 
Engineering Program. Serve as a mentor and advisor in these programs. 

BROADER IMPACTS 

As described above we are committed to using our research to promoting teaching, training, and 
learning. We all participate in activities targeted not only at graduate students but also 
undergraduates, under represented groups, K-12, and teachers. Both WSU and PSU have a good 
track record in attracting under represented groups to our research teams. We recognize the need to 
target members of underrepresented groups early to stimulate them to be interested in science and 
engineering. As outlined above we have several activities planned which address this need. 

This project will enhance infrastructure for research and education in the northwest and nationally. 
On the national scale this research will lead to the development of a new class of devices with 
application in all sectors of society. The research will also lead to the development of next- 
generation equipment which will enhance research opportunities for others in this field of research. 
To perform simultaneous testing of thermal and mechanical properties of nanostructures a novel 
device will be constructed, allowing unique measurement capabilities of what we perceive as the next 
frontier in bringing nanoscale structures from the lab to engineered devices. Without demonstrating 
the capabilities of this type of instrumentation in a research environment, it is highly unlikely that 
commercial suppliers will be interested in developing systems to deliver to the large number of 
researchers we feel will soon (2-5 years) be working on these scales (nm to mm). 
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On the regional scale the project greatly enhances interactions between urban campuses geared for 
liberal education (PSU), urban branch campuses of a multi-campus system (WSU/V) serving many 
non-traditional students, and a traditional rural research university (WSU/P). This work provides 
research interactions between students at these schools and opportunities to target groups traditionally 
under-represented in STEM programs. Possible collaborative efforts with the carbon nanotube 
growth group at Pacific Northwest National Laboratory is another area where the impact between all 
three campuses and the regional national laboratory can be strengthened. 

We have several activities planned to provide a broad dissemination of our work to enhance 
scientific understanding of the "nano world" for the general lay public. We feel that this is an 
especially important task in a time when the general public is highly suspicious of nanotechnology. 
We feel that our work can provide a concrete example of how nano technology can be used for 
beneficial means. To that end we have planned the following: 

• As part of this project we will develop a website for the general public about carbon 
nanotubes - how to make them, their properties, and their uses. 

• Collaborations with Portland High School District, the Oregon Museum of Science and 
Industry will lead to direct exposure to K-12 students in the region. 

• By involving K-12 and community college teachers in the summer workshop series we hope 
to help them develop material for their classrooms and arrange for "field trips* to our labs. 
We will provide presentations, samples, and demonstrations in conjunction with input from 
the teachers at the workshops to help them bring nanoscience and technology to their 
classrooms and students. 

RESULTS FROM PRIOR NSF SUPPORT 

Robert Richards PI Co PFs: D.F. Bahr, CD. Richards 

DM1 #9980837, 'xyz on a Chip 9 $520,000 8/99 - 9/02 

Title: MEMS-Based Power Generation for Portable Systems 

The goal of this project has been to design, develop, and demonstrate a highly flexible, highly 
modular MEMS-based power system. The system demonstrated during the project, dubbed the P 3 
micro power generation system, is based on a two-dimensional, modular architecture. A complete 
power system is built up of individual generic modules or unit cells in which all the functions of an 
engine are integrated. Each unit cell is an external combustion engine, in which thermal power is 
converted to mechanical power through the use of a novel thermodynamic cycle that approaches the 
ideal vapor Camot cycle. Mechanical power is converted into electrical power through the use of a 
thin-film piezoelectric (PZT) membrane generator. A power supply can be assembled out of any 
number of unit cell engines combined together. This modularity gives great flexibility in the 
assembling of micro power generation systems, first in the power output of a given P 3 power system 
and second in the range of temperature operation of the system. 

The lead institution in this project is Washington State University with Oregon State University a 
collaborating institution. The primary goal of the project has been to develop and demonstrate a 
single P 3 micro heat engine (unit cell). Washington State University has now successfully fabricated, 
tested, and demonstrated first generation prototypes of a single cell P 3 micro engine. Three 
generations of PZT (Lead Zirconate Titanate) membrane generators, the key component of the engine, 
have been developed and characterized. The latest generations of piezoelectric membrane generator 
have been successfully integrated into engines to demonstrate electrical power production by the P 3 , 
the first successful MEMS dynamic heat engine. 

To date the work has resulted in 4 archival publications, 17 refereed conference proceedings, and 8 
conference papers. There are currently 2 more archival publications in review. Two doctoral 
students, five M.S. students, and six undergraduates have been supported on this project. 
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David Bahr PI 

NSF # 9876937, REU $168,000, 05/15/99-05/31/02 & NSF # 0139125, $195,000, 05/01/02-04/30/4 
These awards cover our REU site "Characterization of Advanced Materials " at Washington State 
University (WSU). Our target population for REU program participants was primarily from schools 
from the Pacific Northwest and Rocky Mountain states that do not have access to the modern 
instrumentation that is needed for materials research or do not have specific MSE programs. We 
aimed to provide students, both from institutions with limited research programs as well as students 
from groups traditionally underrepresented in science and engineering, a 10 week experience that 
would stimulate their interest in materials science while providing them with technical skills for their 
future careers. We placed particular emphasis on attracting students from demographic groups 
traditionally underrepresented in engineering, particularly women. Additionally, we strove to attract 
students from a variety of majors into materials research, and to reach students of all ages (freshmen 
to seniors). 

In this program we have attracted 55 participants from 21 different schools and from 14 different 
states. Women account for 45% of the participants. To date, all of the program participants who 
have graduated are either in graduate school or are in an industry engineering job. To date, 21 
publications or presentations with REU undergraduates (with three more currently in progress from 
this past summer) have been generated. 

Cecilia Richards PI 

CTS-9457108 NSF Young Investigator Award $335,000 9/94 - 3/00 

NSF NYI funds were used to support two research thrusts: 1) the dynamics of droplet- vortex 
interactions in nonreacting and reacting jets, and 2) the development of a technique to measure 
temperature on the microscale. An experimental study of the role of large-scale structures in droplet 
and vapor transport in droplet-laden jets was conducted. The results show that injection location has 
a substantial impact on both droplet and vapor convection. Droplets must directly interact with large- 
scale structures to realize a significant increase in dispersion, hi a reacting jet the combination of 
transport effects and droplet evaporation leads to the formation of droplet clusters. The group 
combustion behavior of the droplet field was evaluated by estimating the group combustion number 
from experimental data. The use of thermochromic liquid crystals as a micro temperature probe was 
developed for studies of fundamental droplet heat transfer. Microencapsulated beads of 
thermochromic liquid crystals were doped into droplets exposed to convective cooling and heating. 
The technique has the potential to extend to MEMS devices. Temperature measurements with a 
spatial resolution of 5 microns are possible. Work from this award has resulted in six journal 
publications, eight refereed conference papers, and 12 conference papers. A best paper award was 
received in 1996 for the work on nonreacting jets. Two postdoctoral researchers, one PhD student, 
five MS students, and four undergraduates were supported. 

Jun Jiao: PI 

NSF# ECS-021706 $180,000 1 / 15/2002 - 6/30/2905 

Title: Integration of Nanoscience and Nanotechnology Research, Education, and Outreach: 
Systematic Tailoring of Carbon Nanotubes to Designed Electronic Properties 

The overall effort of this project is to develop an integrated research, education, and outreach 
program in nanoscience and technology at Portland State University (PSU), with an emphasis on 
carbon nanotube research. A novel technique developed was the position-controlled growth of carbon 
nanotubes by a combination of focused ion beam and chemical vapor deposition. This has allowed us 
to localize catalytic components in selected areas, enabling the growth of carbon nanotubes on sharp 



JBH:mjt 1 1/1 8/03 4630-S7239 



20 



Express Mail No.: EV212046699US 
Date of Deposit: November 18, 2002 



tips. As a result, we can investigate the electron field emission behavior of an individual carbon 
nanotube in relation to its geometrical configuration and the applied field. The study of the angular 
distribution of the electron beam emitted from a single carbon nanotube helped us understand the still 
unidentified electronic properties of individual carbon nanotubes. Broader impacts of this research 
included training graduate students, mentoring five REU students, and involving two local high 
school students. 

NSF# DMR - 0097575 $189,000 6/1/2001 - 5/3 1/2004 

REU Site: Applications of Microscopy and Microanalysis to Multidisciplinary Research 

This is the first NSF sponsored REU site at Portland State University (PSU) and the first one in the 
Portland metropolitan area. The objective of this program is to inspire undergraduate students - with 
emphasis on women and minorities - to pursue careers in science and engineering by involving them 
in "real-life" research. A major effort of this REU program is to create opportunities for highly 
motivated, underrepresented undergraduate students early in their education to do independent 
research in faculty laboratories. This REU site also serves as a magnet bringing together 
undergraduate students from different disciplines, ethnic backgrounds, and from institutions where 
research opportunities are limited. The REU site is composed of a summer program and a year-round 
component. More than a dozen REU participants have presented their research findings in the 
Pacific Northwest Conference of the American Vacuum Society, and the Northwest Undergraduate 
Science Research Conference. Two of them won the first place undergraduate awards consecutively 
in the last two years. To date, there are more than two-dozen publications and conference 
presentations carrying the acknowledgment of this NSF award and more then a dozen refereed 
publications in which the REU participants served as co-authors. 
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